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SECTION  1 


INTRODUCTION 


1.1  Program  Background 

Samariiim-cobalt  magnetic  devices  are  used  within  inertial  systems 
as  components  of  the  inertial  instruments  or  sensors  -  the  gyro  and 
accelerometer  -  and  as  gimbal  torque  motors.  As  an  exanqple  of  the 
former  category,  samarium-cobalt  permanent  magnets  are  employed  in  the 
torque  generator,  or  angular  motion  forcer,  of  the  movable  and  buoyant 
member  of  the  instrument.  The  torque  generator  is  of  cylindrical 
geometry,  and  in  many  designs  the  magnets  are  located  on  the  moving 
member  which  must  remain  buoyant  in  fluid.  Here  the  lower  volume  of 
Sm-Co  magnets,  because  of  their  high  energy  product,  impacts  favorably 
on  the  overall  size  and  weight  of  the  completed  instrument. 

In  addition  to  their  high  energy  product,  magnets  utilized  in 
precision  inertial  instruments  must  also  possess  excellent  long-term 
flux  stability,  insensitivity  to  temperature  change,  and  physical 
properties  compatible  with  beryllium,  which  is  the  structural  material 
of  choice  in  modern  inertial  instruments. 

A  comprehensive  program  to  develop  samarium-cobalt  magnets  by 
powder-metallurgy  techniques  for  these  applications  in  future 
generations  of  inertial  Instruments  was  initiated  at  The  Charles  Stark 
Draper  Laboratory  (CSDL)  in  October  1977  under  the  sponsorship  of  the 
Office  of  Naval  Research.  During  the  first  two  years  (October  1977  to 
September  1979)  the  efforts  focused  on  sintered  and  hot  isostatically 
pressed  magnets  of  the  SmCog  composition.  A  new  subtask  was  added  as  of 
October  1979  which  concentrates  on  Sm2Co^'y  magnets  fabricated  by  the 
arc-plasma-spray  process.  The  motivation  behind  this  subtask  was  the 
earlier  achievement  of  outstanding  successes  with  SmCo^  magnets  using 
this  process  at  CSDL. 


1.2  Objectives 


The  objectives  of  the  present  program  are  to  investigate  the  arc- 
plasma-spray  process  for  fabricating  Sm2Co.)7“type  magnets  and  to  develop 
Inproved  powder  metallurgical  procedures  to  produce  inertial-grade  SmCo^ 
magnets  which  would  provide  improvements  in  the  following  areas: 

(1)  Long-term  flux  stability  at  constant  ten^erature  {140*F) 

Desired:  0.008  ppm/90-day 

Present  capability:  Sintered:  ~  1  ppm/day 

Plasma  Sprayed:  0.05  ppm/day 

(2)  Thermal  stability  of  residual  induction 

Desired:  0.1  ppm/*F 

Present  capability:  300  ppm/*F 

(3)  Tailoring  of  thermal  expansion  coefficient 

Desired,  same  as  beryllium:  6.6  pin. /in.  *F 
Isotropic:  4.7  pin. /in.  “F 

Anisotropic: 

(a)  Along  magnetization  direction:  3.1  pin. /in  ®F 

(b)  normal  to  magnetization  direction:  7.1  pin. /in.  ‘F 
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SECTION  2 


SmCOg  MAGNET  INVESTIGATIONS 


2.1  Progress  Prior  to  This  Report 

The  objectives  for  this  part  of  the  magnetic  materials  program 
are:  (1)  high  stability  or  low  flux  decay  rate,  (2)  near-zero 

temperature  coefficient  of  magnetic  induction,  and  (3)  tailored 
expansion  coefficient  to  match  that  of  beryllium. 

Three  interim  annual  reports^ ^ » 2 /3 ) *  have  been  submitted,  which 
described  the  progress  in  this  area  for  a  period  of  three  years  from 
October  1977  to  September  1980.  The  highlights  of  the  past  performance 
are  summarized  below. 

The  most  challenging  of  the  three  objectives  was  the  achievement 
of  a  near-zero  flux  decay  rate  as  compared  to  a  decay  rate  of  about 
2000  ppm/decade  of  days  in  state-of-the-art  SmCog  magnets.  It  was 
especially  so  because  of  a  lack  of  adequate  scientific  understanding  of 
the  rather  high  decay  rate  of  flux  typically  measured  in  these 
magnets.  In  contrast,  the  scientific  basis  for  the  other  two  objectives 
was  ,  „te  clear, and  thus  more  easily  obtainable  than  the  first 
one.  Efforts  during  the  first  two  years  were  therefore  devoted  entirely 
to  the  first  objective  in  order  to  achieve  the  objective  as  well  as 
develop  a  scientific  understanding  of  the  phenomenon  of  flux  decay  in 
SmCOg  magnets. 

Since  the  decay  of  magnetic  induction  is  a  demagnetization 
process,  higher  stability  would  therefore  demand  a  greater  resistance  to 
such  a  process.  In  turn  this  meant  that  both  the  intrinsic  coercivity 


Superscripted  numerals  refer  to  sources  in  the  List  of  References. 
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and  H)^  (reverse  field  at  90  percent  had  to  be  in5)roved 

substantially  over  the  state-of-the-art  magnets  with  in  the  range  of 
20  to  30  kOe  and  Hj^  of  5  to  10  kOe,  notwithstanding  the  fact  that  these 
values  were  already  an  order  of  magnitude  higher  than  those  of  the  other 
permanent  magnets  known  at  the  time.  In  order  to  achieve  this  difficult 
goal  the  SmCo^  magnet  fabrication  technique  had  to  be  improved  to 
produce  contamination-free  magnetS/  particularly  oxygen,  with  fine  grain 
size.  The  standard  sinter  technology  was  consequently  improved  to 
produce  magnets  with  outstanding  intrinsic  coercivity;  of  ~50  kOe 

and  of  33.5  kOe.  This  resulted  in  a  flux  decay  rate  of  280  ppm/ 
decade.  In  a  parallel  effort,  the  hot  isostatic  pressing  (HIP) 
technique  was  developed,  for  producing  SmCoj  magnets  which  resulted  in 
magnets  with  properties  comparable  to  sintered  magnets.  The  oxygen 
content  of  these  magnets  was  about  half  of  what  is  found  in  sintered 
magnets.  Initial  HIPed  SmCOg  magnets  showed  an  improved  low  decay  rate 
of  160  ppm/decade. 

At  the  beginning  of  the  third  year,  experimental  work  was  begun 
on  the  temperature  compensated  magnets  as  well  as  thermal  expansion 
measurements,  with  the  objectives  of  producing  temperature  stability  and 
matching  the  expansion  coefficient  of  the  magnet  with  that  of  beryllium, 
in  addition  to  the  continued  efforts  on  the  study  of  flux  stability. 

'le  investigations  performed  on  temperature  compensated  magnets  during 
the  year  consisted  of  experimental  determination  of  compositions  in  the 
two  ternary  systems  Er-Sm-Co  and  Tb-Sm-Co  for  zero  temperature 
coefficient  and  the  designing  and  building  of  an  apparatus  for  rapid 
measurement  of  temperature  coefficient  of  magnetic  induction,  with  high 
precision.  Based  on  published  data  on  the  variation  of  magnetic 
induction  with  temperature  of  the  three  binary  compounds  SmCo^,  TbCo^ 
and  ErCOg  the  zero  temperature  coefficient  in  the  systems  Er-Sm-Co  and 
Tb-Sm-Co  should  have  occurred  at  33.3  wt  %  ErCo^  +  66.7  wt  %  SmCo^  and 
18.2  wt  %  TbCog  +  81.8  wt  %  SmCo^  respectively.  However,  the  pre¬ 
liminary  experimental  results  from  the  measurements  on  die-pressed  and 
sintered  samples  of  various  compositions  in  the  two  systems  indicated 
that  the  zero  temperature  coefficients  occurred  at  the  compositions 
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40  weight  percent  ErCo^  and  40  weight  percent  TbC05.  The  higher  amounts 
of  the  heavy  rare  earth  compounds  lower  the  magnetization  values  resulting 
in  lower  energy  products.  In  addition,  the  measured  magrsotization  values 
of  the  die-pressed  and  sintered  samples  were  found  to  be  about  25  percent 
smaller  than  the  calculated  values.  This  was  attributed  to  poor  alignment 
of  the  particles  in  the  die-pressed  and  sintering  process,  most  of  which 
could  be  recovered  by  using  cold  isostatic  pressing  (CIP)  of  aligned 
powder  and  then  HIP  for  the  final  densif ication. 

The  highest  energy  product  CSDL  SmCOg  magnets,  prepared  by  HIP 
(21  MGOe)  and  die-pressed  sintered  (18  MGOe)  were  found  to  have 
2  percent  higher  and  2  percent  lower  thermal  expansion  coefficients, 
respectively,  than  that  of  beryllium.  Obviously  an  SmCOg  magnet  with  an 
energy  product  of  between  19  and  20  MGOe  would  give  a  very  satisfactory 
match  with  beryllium  for  thermal  expansion  compatibility,  which  would 
require  little  if  any  further  effort.  Temperature  compensated  magnets 
would,  however,  have  to  be  measured  for  thermal  expansion  coefficient  to 
determine  the  level  of  energy  product  at  which  the  thermal  expansion 
coefficient  matches  that  of  beryllium. 

2.2  SmCOg  Magnet  Investigation  During  this  Reporting  Period 

Prior  studies  had  shown  that  the  lowest  flux  decay  rates  obtained 
for  magnets  fabricated  at  Draper  Laboratory  were  280  ppm/decade  of  days 
for  the  sintered  and  160  ppm/decade  for  the  HiPed  varieties.  The 
sintered  magnet  had  an  average  grain  size  of  20  pm,  although  the 
starting  powder  particle  size  averaged  5  to  10  pm.  The  HIPed  sanqple,  on 
the  other  hand,  was  prepared  from  a  powder  with  an  average  particle  size 
of  40  pm,  and  retained  the  same  grain  size  after  the  processing.  The 
con?>ositions  were  36.5  weight  percent  samarium  for  the  sintered  magnet 
and  35.5  weight  percent  samarium  in  the  case  of  the  HIPed  magnet.  The 
samples  were  furnace  cooled  after  the  optimization  annealing  treatment 
at  900®C  instead  of  the  normal  quick  cooling.  Furnace  cooling  was  found 
to  produce  higher  stability  although  the  coercivities  are  lower  than 
obtainable  by  quick  cooling  from  the  annealing  temperature. 
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Since  the  coercivities  of  the  tested  sintered  samples  were  higher 
than  the  tested  HIPed  samples  in  spite  of  the  lower  flux  decay  rates  in 
the  case  of  the  HIPed  samples,  further  investigation  of  the  decay  rates 
in  various  HIP  samples  were  deemed  necessary.  The  HIP  samples  H-26, 
H-27,  H-28  and  H-29  described  in  last  year's  report  were  picked  for  the 
present  investigation.  The  intrinsic  magnetic  properties  measured  on 
these  samples  after  various  heat  treatments  are  shown  in  Table  1, 
reproduced  from  last  year's  report.  These  had  higher  magnetic 
properties  than  the  HIPed  magnet  tested  before. 

As  described  in  earlier  reports,  the  flux  decay  rate  measurement 
apparatus  requires  12  rectangular  magnet  samples  of  an  identical 
geometry.  These  magnets  are  mounted  on  a  C-49  alloy  cylinder  which  in 
turn  is  introduced  into  a  torque  generator  circuit  and  rotated  at  a 
constant  speed  for  as  long  as  the  measurement  continues.  A  voltage  is 
generated  in  the  pick-up  coils.  The  decline  of  the  voltage  with  time  is 
a  direct  measure  of  the  decay  of  the  magnetic  flux. 

None  of  the  samples  H-26  through  H-29  had  enough  material  to 
produce  a  complete  set  of  12  flux  measurement  specimens  for  the  intended 
decay  rate  measurements.  There  was,  however,  enough  in  each  sample  to 
produce  at  least  half  the  required  number.  Therefore  it  was  decided  to 
combine  six  specimens  each  from  H-26  and  H-27  for  one  measurement  and  H- 
28  and  H-29  combined  for  the  other.  Flux  decay  measurements  were 
carried  out  on  these  two  combination  sets  of  samples,  and  as  before  the 
samples  were  heat  treated  at  1050®C  for  24  hours,  followed  by  950®C  for 
24  hours  followed  by  furnace  cooling.  The  magnetic  properties  of  the 
samples  after  the  above  treatment  were  expected  to  be  the  same  as  in  the 
third  row  of  Table  1.  The  resultant  data  from  these  measurements  are 
shown  in  Figure  1  for  the  H-26  and  H-27  specimens  and  Figure  2  for  the 
H-28  and  H-29  specimens.  The  flux  decay  when  plotted  against  log  time 
(in  days)  with  zero  time  starting  from  the  last  heat  treatment  day  gave 
a  reasonably  good  linear  relationship.  The  measurements  in  the  past  had 
shown  the  same  behavior. 
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Table  1.  Magnetic  Properties  of  25  pm-particle 
magnets  HIPed  at  950®C. 


Thermal 

Treatment 

— ^Sample  No.  and 
Content 

Properties 

H-26 

35.5 

wt  % 

H-27 

36.0 

wt  % 

H-28 

36.5 

wt  % 

H-29 

37.0 

wt  % 

Bj.(kG) 

8.9 

8.6 

8.6 

H^^(kOe) 

20 

19 

18 

20 

As-HIPed 

H^(kOe) 

10 

10 

8 

7 

20 

19 

17 

16 

Bj.(kG) 

9.2 

8.6 

8.7 

8.6 

950OC-62  h 

H^^(kOe) 

36 

36 

34 

35 

Quick  Cooled 

H|^(kOe) 

19 

14 

12 

10 

21 

18 

18 

18 

Bj.(kG) 

9.1 

8.7 

8.9 

8.7 

As  Above 

H^^(kOe) 

18 

26 

29 

31 

Furnace 

Cooled 

H^(kOe) 

6.5 

8.0 

7.5 

8.5 

18 

17 

17 

17 

Bj.(kG) 

9 

8.5 

8.7 

8.6 

1050<>C-24  h 

H^i(kOe) 

33 

35.5 

33.5 

33.5 

900OC-24  h 

Quick  Cooled 

Hj^(kOe) 

26 

20 

17.5 

18 

20 


20 


18 
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The  decay  rates  obtained  from  Figures  1  and  2  are  a  low 
43.8  ppm/decade  for  the  set  comprised  of  H-26  and  H-27  magnets  and  a 
very  high  1070  ppm/decade  for  the  H-28  and  H-29  set.  This  would  appear 
to  be  a  contradiction  of  our  previous  contention  that  an  SmCo^  magnet 
that  shows  lesser  degradation  of  coercivity  on  slow  cooling  from 
annealing  temperature  should  also  have  a  lower  flux  decay  rate.  The 
magnets  H-28  and  H-29  showed  lesser  degradation  of  coercivity  than  the 
H-26  and  H-27  magnets  (see  rows  1  and  2  in  Table  1),  and  therefore 
should  have  shown  smaller  decay  rate  than  the  '.et  conprised  of  H-26  and 
H-27  on  that  basis  but  gave  exactly  the  opposite  of  what  was  expected. 
However,  a  closer  study  of  the  rest  of  the  facts  known  about  these 
magnets  provides  a  quite  plausible  explanation  of  this  seeming 
contradiction.  If  the  explanation  is  correct  then  it  would  not  only 
result  in  a  greatly  broadened  understanding  of  the  mechanism  of  flux 
decay  in  the  SmCOg  magnets;  it  will  also  perhaps  show  us  the  way  to 
approach  the  extremely  ambitious  goal  of  producing  near-zero  decay  rates 
in  SmCOg  magnets. 

Figures  3  through  6  are  typical  micrographs  of  the  samples  H-26 
through  H-29,  after  the  HIPed  samples  were  homogenized  at  950®C  for 
62  hours.  The  metallographically  polished  san^les  were  etched  with 
3  percent  nital  solution,  which  produces  a  contrast  between  the  SmCoj 
(light)  and  Sm2Co7  (dark)  grains. 

The  micrographs  clearly  show  that  the  least  and  the  largest 
amounts  of  the  second  phase  (Sm2C07  in  this  case)  occur  in  the  samples 
H-26  and  H-29  with  gradually  increasing  amounts  going  from  H-26  through 
H-29.  This  is  a  qualitative  confirmation  of  the  con^ositions  of  those 
HIPed  magnets  shown  in  Table  1.  It  can  therefore  be  realized  that  of 
the  two  sets  of  flux  stability  specimens,  the  set  comprised  of  H-26  and 
H-27  had  a  lot  less  Sm2Co7  than  the  H-28  and  H-29  set.  This  was  the 
only  significant  difference  between  these  two  sets  of  specimens,  while 
the  other  relevant  characteristics,  such  as  grain  size,  oxygen  content 
and  thermal  history,  were  as  identical  as  possible.  Therefore,  in  the 
case  of  these  two  sets  of  samples,  it  appears  that  the  amounts  of  the 


Figure  3.  Etched  microstructure  of  H-26  Figure  4.  Etched  microstructure  of  H-27 

following  62  hours  at  950°C.  following  62  hours  at  950°C. 


Figure  5.  Etched  microstructure  of  H-28  Figure  6.  Etched  microstructure  of  H-. 

following  62  hours  at  950°C.  following  62  hours  at  950  C 


second  phase  Sm2Co^  had  a  great  Influence  on  the  flux  stability,  and 
that  the  larger  amounts  of  this  phase  caused  greater  deterioration  of 
the  stability.  The  data  base  for  the  conclusion  is  admittedly  quite 
small  and  requires  more  confirming  evidence.  Nevertheless,  the  damaging 
effect  of  the  second  phase  Sm2CO'^  does  have  a  reasonable  e)q>lanation. 

The  compound  Sm2COy  is  a  ferromagnetic  material  like  SmCo^.  But  the 
anisotropy  field  is  only  about  40  kOe,  which  is  significantly  lower  than 
350  kOe  for  SmCo^.  It  is  reasonable  to  conclude  that  demagnetization 
would  occur  in  the  Sm^Co-^  grains  in  an  SraCo^  magnet  at  a  conparatively 
low  reverse  magnetic  field,  provided  by  the  self  demagnetization  of  the 
magnet  Itself.  Such  a  reverse  field,  of  course,  would  not  be  large 
enough  to  reverse  an  SmCOg  grain  free  of  defects.  If  the  reasoning  is 
valid,  then  the  larger  the  amount  of  SnijCo^  phase  the  larger  would  be 
the  flux  decay  rate.  In  order  to  verify  the  conclusion  and  quantify  the 
relationship  between  the  amount  of  Sm^Co^  and  the  flux  decay  rate 
further  experimental  determi -ations  are  necessary  and  they  will  be 
carried  out  in  our  continuing  efforts  in  this  research  program. 

Based  on  the  present  investigations  and  the  findings  described  in 
our  previous  reports,  it  appears  that  there  are  two  identified 
mechanisms  which  are  the  major  causes  of  decay  of  flux  in  the  SmCo^ 
magnets: 

( 1 )  Presence  of  SmjCOy  in  the  magnet  body  because  of  the 
composition  of  the  alloy  used  in  the  fabrication  of  the 
magnet  by  sintering 

(2)  Formation  of  Sm^Co^^  caused  by  the  precipitation  of 
dissolved  oxygen  in  the  SmCo^  lattice 


In  the  prevailing  conventional  process  for  manufacturing  of 
commercial  fine-particle  SmCog  magnets,  the  final  densificatlon  is 
obtained  by  the  sintering  of  the  powder  contacts.  It  has  been  found 
essential  to  have  the  element  samarium  in  excess  of  the  SmCo^ 
stoichiometry,  in  order  to  produce  sufficient  densificatlon  at  a 
reasonably  low  sintering  temperature.  The  excess  samarium  used  appears 
in  the  sintered  magnet  as  the  second  phase  Sm^Co^.  Therefore  the  very 
process  that  is  used  to  fabricate  these  commercially  available  magnets 
does  by  necessity  introduce  a  built-in  mechanism  for  the  decay  of  flux 
with  time.  It  can  be  reduced  to  a  certain  minimum  value,  but  would 
still  remain  unacceptably  high  for  our  purpose.  The  above  difficulty 
with  the  sintering  process  can  be  avoided  by  the  use  of  the  HIP  process 
developed  at  Draper  Laboratory  for  the  fabrication  of  SmCOg  magnets 
under  the  present  contract.  Using  this  process  the  excess  Sm2Co^  can  be 
entirely  eliminated  from  the  conposition  of  the  alloy,  since  the 
densif ication  occurs  by  applied  external  pressure  rather  than  by  the 
enhanced  diffusion  achieved  by  the  controlled  chemical  con5)osition  of 
the  alloy  powder. 

The  other  major  cause  of  the  decay  of  flux  in  SmCo^  magnets,  as 
brought  out  in  our  previous  reports,  is  the  unavoidable  contamination  of 
the  alloy  powder  by  oxygen  from  the  air  during  powder  preparation  ant* 
handling  of  the  powder.  Since  larger  particle  size  powder  can  be  used 
in  the  HIP  technique  than  in  the  sinter  process,  it  has  been  possible  to 
reduce  the  oxygen  content  to  about  0.3  weight  percent  in  HIPed  magnets 
as  coopared  to  0.6  weight  percent  or  even  higher  in  the  sintered 
variety.  The  result  has  been  an  improved  flux  stability.  However, 
although  further  reduction  of  the  oxygen  content  is  desirable,  present 
powder  preparation  and  handling  methods  are  not  capable  of  doing  it.  In 
a  related  SmCOg  magnet  program  funded  by  NASA  a  powder  preparation  and 
encapsulation  chamber  has  been  designed  and  is  now  being  built  by  an 
independent  vendor,  which  will  help  to  produce  HIPed  magnets  with 
significantly  lowered  oxygen  content.  Since  the  use  of  this  chamber  is 
expected  to  contribute  to  the  continuing  ONR  supported  program,  a 
description  of  the  chamber  is  presented  in  the  following  section. 


2.2.1  Comminution  and  Encapsulation  Chamber 

A  large  amount  of  oxygen  (as  much  as  6000  ppm)  is  absorbed  by  the 
alloy  powder  of  average  lO-ym  particle  size  upon  exposure  to  air.  In 
the  standard  procedure,  comminution  and  all  powder  handling  is  performed 
in  air,  until  the  green  compacts  enter  the  sintering  furnace.  Under 
very  carefully  controlled  conditions,  sintering  can  be  performed  without 
any  large  increase  in  oxygen  content.  At  Draper  Laboratory  we  have 
developed  HIP  for  SmCo^  magnets,  which  is  superior  to  sintering  in 
lowering  oxygen  pickup  during  the  densif ication  of  the  powder  compact. 

The  major  problems  that  need  to  be  solved  are  the  preparation  of 
powder  from  the  SmCo^  alloy  without  exposure  to  any  oxygen  source  and 
introduction  of  the  powder  into  a  well-outgassed  HIP  cannister,  followed 
by  evacuation  and  sealing  of  the  cannister.  All  of  the  above  steps  can 
be  performed  inside  a  chamber  filled  with  ultra-pure  noble  gas.  Such  a 
chamber  has  been  designed  and  is  now  being  built  at  a  local  vendor's 
place.  A  schematic  sketch  of  the  entire  system  is  shown  in  Figure  7. 

The  chamber,  being  built  of  stainless  steel  with  polished  walls 
and  stainless  steel  plumbing,  will  be  capable  of  being  evacuated  and 
baked  out  to  reach  a  low  10“^-torr  pressure.  Besides  the  main  chamber 
where  all  the  powder  preparation  and  handling  etc.  will  be  performed 
using  gloves,  there  will  be  two  attached  auxiliary  chambers,  one  for 
powder  drying  and  the  other  an  entry  port.  After  evacuation  the  chamber 
will  be  filled  with  Getter  furnace  purified  argon  to  atmospheric 
pressure.  The  final  comminution  of  the  powder  will  be  carried  out 
inside  the  chamber,  dried  in  the  attached  desiccator,  loaded  into  the 
HIP  cannister  and  contacted  at  2000  Ib/in^.  The  HIP  canister  will  then 
be  sealed  by  welding  before  being  brought  out  for  HIPing. 
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Using  the  procedure  outlined  above,  it  should  be  possible  to 
maintain  an  oxygen  level  in  the  densified  magnet  at  less  than  an  order 
of  magnitude  smaller  than  is  possible  now.  Initially  the  magnets 
produced  will  be  isotropic  and  thus  of  low  energy  product.  However,  if 
oxygen  content  can  be  maintained  at  the  desired  low  level,  coils  will  be 
designed,  built  and  installed  inside  the  chamber  to  apply  pulsed 
magnetic  field  of  high  intensity  for  aligning  the  powder  particles 
during  compaction  to  produce  high  energy  product  magnets. 

2.2.2  Radial  Ring  Magnet  by  HIP 

In  many  applications  such  as  inertial  instruments,  motors, 
generators,  magnetic  bearings,  various  microwave  oscillators  and 
anpliflers,  etc. ,  radially  oriented  SmCOg  ring  magnets  would  be 
extremely  useful.  In  spite  of  a  great  deal  of  effort  to  produce  them  by 
the  conventional  sintering  process,  there  has  been  no  success.  Limited 
success  was  achieved  a  few  years  ago  using  the  hot  pressing 
technique.  But  because  of  many  disadvantages  associated  with  the 
process,  the  method  has  not  become  a  commercial  process. 

In  the  absence  of  a  radially  oriented  ring  magnet,  the  magnet 
design  engineers  are  adapting  any  of  the  following  compromises  as  a 
substitute,  which  at  best  are  inferior  in  performance  and  are  generally 
more  expensive. 

(1)  Randomly  oriented  (isotropic)  magnets  can  be  radially 

magnetized.  The  in  these  magnets  is  only  a  fourth 

of  the  theoretical  maximum.  The  magnetic  field  strength  is 
therefore  drastically  reduced. 
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(2)  In  some  cases,  a  large  number  of  parallel  line  oriented 
magnets  are  assembled  along  the  circumference  of  a  circle, 
which  gives  an  approximation  to  radial  orientation.  The 
larger  the  number  of  magnets  used,  the  closer  it  gets  to 
true  radial  orientation.  Since  the  fabrication  process  is 
highly  labor  intensive  the  resultant  cost  of  this  format  is 
high.  There  is,  of  course,  some  distortion  in  the  geometry 
of  the  field.  By  using  very  large  numbers  of  magnets  the 
distortion  can  be  minimized,  but  not  eliminated. 

(3)  Arc  segments  with  small  included  angles  and  good  radial 
orientation  can  be  produced  by  conventional  sintering 
process.  However,  they  tend  to  lose  their  geometry  during 
sintering.  Besides  this  too  is  a  labor  intensive 
fabrication  process  and  therefore  expensive. 

(4)  Recently  radial  arc  segment  of  up  to  114  deg  included  angle, 
with  lengths  of  up  to  about  2  inches  and  thin  walls  have 
been  produced  by  die  pressing  and  sintering  techniques. 

It  does  not  appear  that  this  method  is  capable  of  producing 
full  circle  geometry  of  diffusion  bonded  supporting 
structures  which  serve  as  part  of  the  overall  circuit. 

HIP  processing  for  the  Sro-Co  magnets  developed  at  the  Draper 
Laboratory  during  the  past  few  years  under  the  ONR  contract  appeared  to 
have  the  potential  for  successful  production  of  radially  oriented  full 
circle  magnets.  Outstanding  s-iccess  has  resulted  in  the  development  of 
HIP  fabrication  of  radial  ring  magnets. 

During  the  HIPing  cycle,  a  diffusion  bond  is  formed  at  the 
interface  between  the  RE-Co  alloy  rings  and  the  iron  at  both  the  ID  and 
OD  of  the  magnet  cylinder.  In  some  applications,  it  may  be  desirable  to 
produce  such  a  bonded  structure.  Where  such  a  bonded  structure  is  not 
desired,  the  bonding  can  be  prevented  by  placing  a  barrier  layer  of  thin 
tantalum  foil  between  the  magnet  alloy  compact  and  the  HIPing  canister. 
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When  the  iron  canister  is  removed  from  the  HIPed  sample  by  acid 
solution,  the  reaction  ceases  when  the  acid  reaches  the  tantalum  foil. 
The  foil  can  then  be  peeled  off  from  the  magnet, because  of  the  lack 
of  bonding  between  the  foil  and  the  magnet  alloy. 

In  our  first  attempt  at  the  fabrication  of  radial  ring  geometries 
by  HIP,  we  produced  a  large  number  of  1/4-inch-high  magnet  rings  with 
OD  =  1-7/16  inches  and  ID  =  1-1/16  inches  diffusion  bonded  to  an  iron 
ring  of  1/16-inch  wall  thickness.  A  macrophotograph  of  such  a  ring  is 
shown  in  Figure  8. 

Although  not  visible  rn  the  macrophotograph,  there  are  some 
radial  cracks  in  the  SmCog  layer.  These  cracks  are  believed  to  have 
occurred  during  the  cooling  cycle  in  the  HIP  operation.  The  cracking  is 
expected  to  be  eliminated  in  future  similar  HIP  operations  by  improved 
material  selection  and  processing  procedures. 

For  magnetic  measurements,  a  number  of  0.2-inch-diameter  x 
1/16-inch-high  discs  were  machined  from  the  SmCo^  layer  of  the  radial 
cylinder  from  random  locations,  in  such  a  manner,  that  the  flats  on  the 
discs  were  parallel  to  the  tangential  plane  of  the  cylinder.  These 
measurements  showed  measured  parameter  to  be  within  1  percent  of  the 
average  value.  The  average  values  are:  B^-8.8  kG,  Hp^-28.0  kOe, 

H^-21.0  kOe,  H_-8.6  kOe,  (BH)„,  -18.9  MGOe.  Because  of  the  radial 
orientation,  the  true  values  of  B^  and  would  be  somewhat  higher 

in  the  radial  direction  than  the  measured  value. 

2.2.3  Temperature  Compensated  Magnets 

At  the  operating  temperature  of  inertial  instruments,  in  the 
temperature  range  of  140®  to  160®F,  the  SmCo^  magnets  used  in  their 
sensor  circuitry  should  possess  near-zero  temperature  coefficient. 

The  published  values  of  temperature  coefficient  for  SmCoj  magnets,  by 
various  manufacturers  indicate  that  it  is  somewhere  around  300  ppm/*F 
for  the  temperature  range  of  room  temperature  to  about  400 ®F. 
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The  coefficient,  however,  becomes  larger  at  higher  temperatures.  For 
the  small  range  of  temperature  for  gyro  operations  the  coefficient  is  a 
constant  for  all  intent  and  purpose.  Recent  measurements  at  CSDL  on 
high  energy  product  HIPed  SmCo^  magnets  have  shown  that  the  coefficient 
is  about  180  ppm/®F  in  the  temperature  range  of  130®  to  160®F. 

Most  heavy  rare  earth-cobalt  compounds  show  positive  temperature 
coefficients  in  the  temperature  range  of  interest  as  opposed  to  the 
negative  coefficient  for  SnCo^.  The  two  very  promising  compounds  are 
ErCOj  and  TbCoj,  with  positive  coefficients  of  nearly  2  times  and 
4.5  times  respectively  of  that  of  the  negative  value  of  SinCo5- 
Calculations  showed  that  magnets  of  compositions  66.7  wt  %  SmCo^  + 

33.3  wt  %  ErCog  and  18.2  wt  %  TbC05  +  81.8  wt  %  SmCog  should  have  near¬ 
zero  temperature  coefficients  at  gyro  operating  temperatures.  Our 
initial  experiments  to  determine  the  compositions  using  die-pressed  and 
sintered  magnets  gave  results  indicating  that  the  zero  coefficient  in 
the  two  systems  occurred  at  60  wt  %  SmCo^  +  40  wt  %  ErCOg  and  60  wt  % 
SmCOg  +  40  wt  %  TbCog.  The  theoretical  value  of  residual  induction  (B^) 
of  the  above  two  compositions  are  8  kG  7.1  kg  with  the  potential  maximum 
energy  products  of  16  and  12.6  MGOe,  respectively.  The  initial 

sintered  samples  of  above  compositions  had  B  and  of  5.4  kG  and 

7.1  MGOe  for  the  ErCOg  +  SinC05  alloy.  The  values  were  20  to  30  kOe, 
which  were  high  enough  so  that  if  the  values  could  be  increased,  the 
values  would  also  tend  to  approach  the  theoretical  potential. 
Die-pressed  sintered  magnets  tend  to  be  poorly  aligned,  which  causes  the 
Bj.  values  to  be  low.  When  the  alloy  powder  is  magnetically  aligned  and 
cold  isostatically  compacted  followed  by  densificaton  by  HIPing,  there 
is  usually  a  substantial  improvement  in  the  values. 

It  was  therefore  decided  that  a  batch  of  temperature  compensated 
magnets  be  fabricated  by  HIP  technique.  In  the  preliminary  sintered 
samples,  the  compositions  were  adjusted  to  maintain  a  rare  earth  to 
cobalt  ratio  the  same  as  in  a  36.5  wt  %  Sm  +  63.5  wt  %  Co  alloy  by  the 
addition  of  a  calculated  amount  of  a  4 1 .8  wt  %  Sm  +  58.2  wt  %  Co  alloy 
to  a  mixture  of  the  ErCo^  or  TbCo^  plus  SmCoj  alloy  powders.  The 
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amounts  of  the  three  alloys  were  so  adjusted  that  a  predetermined  ratio 
of  Sm  to  Er  or  Sm  to  Tb  was  achieved  in  the  final  mixture.  Although  the 
coercivities  in  these  preliminary  san^les  were  excellent,  the  micro¬ 
structures  showed  excessive  amounts  of  the  RE2Co-^  phase.  Figure  9  is  a 
representative  microstructure  of  a  Tb-Sm-Co  sintered  magnet  with  Tb  to 
samarium  ratio  of  23  to  77  and  Figure  10  is  that  of  a  Er-Sm-Co  magnet 
with  Er  to  samarium  of  33  to  67.  The  matrix  is  the  1-5  compound  and  the 
darker  second  phase  is  the  2-7  confound.  The  amounts  of  2-7  second 
phase  apears  to  be  too  high  in  both  cases. 

Since  the  amount  of  1-7  type  second  phase  was  seen  to  be  too 
high,  the  amount  of  samarium-rich  additive  was  reduced  in  the  mixtures 
for  HIP  fabrlcaton.  Table  2  shows  the  compositions  used. 


Table  2.  Compositions  of  the  tenqperature  con^ensated  HIPed  magnets. 


Sample 

No. 

Ternary 

System 

Q| 

TbCOc 

(%) 

Sample 

(%) 

Ternary 

System 

R.E. 

(%) 

ErCoc 

{%) 

H-1 

Tb-Sm-Co 

36.0 

45 

H-9 

Er-Sm-Co 

36.0 

45 

H-2 

•I 

M 

40 

H-10 

II 

II 

40 

H-3 

«« 

II 

35 

H-11 

n 

II 

35 

H-4 

II 

II 

30 

H-12 

It 

II 

30 

H-5 

ff 

35.5 

45 

H-13 

II 

35.5 

40 

H-6 

II 

II 

40 

H-14 

It 

M 

35 

H-7 

M 

II 

35 

H-15 

It 

II 

30 

H-8 

It 

II 

30 

22 


The  various  powder  mixtures  of  Table  2  were  blended,  aligned 
inside  a  rubber  cylinder  and  ClPed  to  form  cylindrical  compacts  5/8  inch 
in  diameter  and  1-1/2  Inches  long.  The  15  cylinders  were  then  loaded 


into  5  HIP  canisters  of  1020  steel,  evacuated,  baked  out,  sealed  and 
HIPed  at  950”C  under  15  kpsi  of  argon  for  2  hours.  The  three  sanples  in 
each  canister  were  kept  separated  from  each  other  by  means  of  thin  discs 
of  stainless  steel.  Out  of  the  five  HIP  canisters,  four  HIPed  well  and 
one  containing  sample  numbers  7,  8  and  9  failed  because  of  micro-leaks 
in  a  welded  joint  on  the  canister.  The  sanples  were  removed  from  the 
canister  by  dissolving  the  iron  can  in  nitric  acid.  The  cylindrical 
HIPed  magnets  were  sliced  to  produce  0.2 -inch-thick  discs  for  thermal 
treatments,  and  measurements  of  both  Intrinsic  magnetic  properties  and 
ten^erature  coefficients.  The  results  of  these  measurements  are  shown 
in  Table  3. 


Table  3.  Magnetic  properties  of  HIPed  ten5>erature  compensated  magnets. 


Sample 

No. 

As 

HIPed 

Thermally  Treated-1050®  for  71  hrs.  I 
900*C  for  24  hrs. ,  Quick  Cooled 

Temp.  Coeff. 
of  B  (1300-160'F) 

(PPM/'F) 

ByJkG) 

Hgj^(koe) 

Measured 

(MGOe) 

Potential 

Bj.(kG) 

H-1 

5.0 

mm 

5.1 

21.0 

5.9 

+30 

H-2 

5.6 

1 

5.3  1 

5.4 

19.0 

5.9 

^Hi 

+  10 

H-3 

5.5 

2.5 

5.4 

2.5 

2.4 

Hfl 

H-4 

6.2 

6.2 

9.3 

-30 

H-5 

HD 

3.8 

H-6 

5.4 

3.0 

3.0 

mm 

H-10 

1.7 

7.3 

2.8 

3.7 

13.3 

H-11 

2.0 

7.7 

12.5 

h- 

s 

GO 

14.8 

-20 

H-12 

1 .7 

7.8 

1.2 

2.6 

15.2 

H-1 3 

1.0 

7.0 

1.2 

1.8 

12.3 

H-14 

7.0 

1 .5 

7.8 

2.0 

- 

15.2 

H-15 

7.5 

1.2 

8.0  ' 

,  ,  i 

1.0 

2.4 

16.0 

1 


In  as-HIPed  condition,  the  coercivities  were  low  for  all  the 
compositions.  Of  the  various  thermal  treatments  tried,  the  one  that 
gave  the  best  results  in  improving  the  coercivity  is  shown  in  Table  3. 

A  few  samples  such  as  H-1,  H-2,  H-4  showed  good  coercivities  after  the 
treatment  and  H-11  gave  some  improvement,  although  not  quite  good 
enough.  The  reason  for  the  low  coercivities  in  these  HIPed  magnets  can 
be  seen  in  the  microstructures.  Figure  11  shows  a  typical  microstucture 
of  Sample  H-4.  A  few  isolated  grains  of  Sm2  Co^^  (very  light  particles) 
and  a  few  isolated  grains  of  Sm^co^  (dark  gray)  can  be  seen  in  a  light 
gray  matrix  of  SmCo^ .  In  this  nonequilibrium  state,  the  value  was 

7  kOe.  After  the  long-time  anneal  of  70  hours  at  1050“C,  a  single-phase 
SmCog  equilibrium  structure  would  result,  and  as  a  result  the  value 

went  up  to  a  reasonably  high  value  of  28  kOe.  In  contrast  the  micro¬ 
structure  of  sample  No.  H-15  shows  a  high  amount  of  Sm2Co^-^  (Figure  12), 
which  caused  the  to  be  only  1.2  kOe.  Also  to  be  noted  is  that  there 

are  not  enough  Sm2COY  grains  to  convert  all  the  Sm2Co^-7  to  SmCOg*  The 
long-time  anneal  therefore  resulted  in  no  improvement  of  the  coercivity. 
All  the  samples  showed  similar  presence  of  Sm2Co^7  indicating  that  the 
rare  earth  content  in  these  compositions  was  either  marginal  or  too  low. 
This  can  be  corrected  by  increasing  the  ratio  of  rare  earth  to  cobalt  in 
future  temperature  compensated  magnets. 

The  main  purpose  of  fabricating  these  HIPed  magnets  was  to  try  to 
improve  the  values  over  what  was  obtained  in  the  die-pressed  and 
sintered  magnets  of  these  temperature  compensated  compositions.  This 
has  been  accomplished.  The  Erbium-based  compositions  between  30  and 
40  percent  ErCo^  of  the  total  RECo,^  give  an  average  of  7.6  kG 
compared  to  5.4  kG  in  the  same  range  of  compositions  of  die-pressed  and 
sintered  magnets  reported  last  year.  This  is  a  40  percent  gain  in  the 
residual  induction.  Because  of  low  coercivities  in  the  present  samples. 


the  energy  products  are  quite  low.  However,  the  coercivities  should 
increase  by  a  slight  increase  in  the  ratio  of  rare  earth  to  cobalt  ratio 


The  measured  values  are  shown  in  the  table  along  with  the 

potential  values  in  the  next  column  which  would  be  the  case  if 

we  produce  higher  coercivities.  The  inqprovement  in  the  values  in  the 
case  of  the  Tb-Sm-Co  composition  is  not  as  pronounced  as  in  the  case  of 
the  Er-Sm-Co  magnets*  However,  only  one  sample  (H-4)  of  the  HIPed 
Tb-Sm-Co  magnet  had  similar  composition  as  the  die-pressed  and  sintered 
magnets.  The  gain  in  achieved  in  this  magnet  is  about  16  percent. 

Only  four  of  the  HIPed  samples  had  high  enough  coercivity  to 
permit  measurement  of  the  temperature  coefficient  by  the  apparatus  we 
had  developed  for  such  measurements.  The  results  shown  in  the  last 
column  of  Table  3  show  that  the  temperature  coefficients  of  these 
magnets  are  between  +30  and  -30  ppm/®F  for  Tb-Sm-Co  magnets  and 
-20  ppm/*F  for  only  Er-Sm-Co  magnet.  The  zero  temperature  coefficients 
in  both  Er-Sm-Co  and  Tb-Sm-Co  appear  to  be  somewhere  about  35  wt  % 

HRECOg  +  65  wt  %  SmCo5  agreeing  generally  well  with  findings  reported 
last  year  using  sintered  magnets. 

X-ray  diffractometer  traces  were  taken  on  the  following  samples; 
(1)  Er-Co  and  Tb-Co  alloy  powders,  (2)  surface  and  powder  patterns  of 
samples  H-2  and  H-11  following  the  heat  treatment  of  Table  3.  The 
results  of  the  x-ray  diffraction  analysis  are  as  follows: 

Both  the  alloys  Er-Co  and  Tb-Co  produced  the  same  patterns  as 
SmCOg.  The  peak  positions  were  slightly  shifted  from  those  of  the  SmCog 
peaks.  The  powder  patterns  of  samples  H-2  and  H-11  were  again  very 
similar  to  SmCo^  powder  pattern  with  the  peak  position  intermediate 
between  TbCOg  and  SmCog  for  H-2  and  intermediate  between  ErCOg  and  SmCo^ 
for  H-11.  For  each  h,k,l  plane,  there  was  only  a  single  sharp  line, 
indicating  homogeneous  solid  solution  between  the  1-5  compounds.  The 
surface  patterns  taken  off  the  planes  perpendicular  to  the  magnetization 
direction  showed  strong  00.2  khl  line,  indicating  good  magnetic 
alignment. 
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From  the  studies  carried  out  thus  far  on  the  two  ternary  systems, 
Er-Sm-Co  and  Tb-Sm-Co,  the  following  observations  are  drawn, 

(1)  Near-zero  ten^erature  coefficients  of  can  be  obtained  in 
ErCo5  +  SroCo5  and  TbCog  +  SmCog  at  compositions  of  35  to  40 
weight  percent  ErCOg  and  30-35  weight  percent  TbCo5, 
respectively  for  the  temperature  range  of  140®  to  160®F. 

(2)  The  maximum  energy  products,  with  good  alignment  and  high 
coercivity  in  the  zero  coefficient  magnets  would  be  13  to  15 
MSOe  for  Er-Sm-Co  and  7  to  9  MSOe  for  Tb-Sm-Co. 
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SECTION  3 


Sm-Co  MAGNETS  BY  PLASMA  SPRAYING 


Objective 


The  objective  of  this  task  is  to  investigate  the  feasibility  of 
employing  arc-plasma-spraying  as  a  process  for  producing  Sm2Co^7  type 
magnets  of  binary  Sm-Co  compositions  with  coercivities  considerably 
higher  than  the  1  to  2  kOe  that  are  obtained  through  the  conventional 
sintering  process.  Examination  of  plasma  spraying  for  SmjCo^-^  magnet 

fabrication  was  mainly  motivated  by  our  earlier  successes  with  the  SmCo5 
composition. 


Background 


Sintering  is  the  most  widely  used  technology  for  producing  SmCog 
and  Sm2Co.)7  type  magnets.  The  sequence  of  operation  includes  generation 
of  fine  alloy  powder,  alignment  and  compaction  of  this  powder  in  an 
applied  magnetic  field,  and  sintering  of  the  compact  to  achieve  high 
density.  This  technique  is  presently  capable  of  producing  SmCo^  magnets 
with  of  16  to  20  ttiGOe^^^  and  Sm2(TM)^7  magnets  with  energy 

products  in  excess  of  30  mGOe  (TM  =  Transition  Metal). In  each  of 
these  instances,  however,  the  value  of  measured  is  considerably 
lower  than  what  appears  to  be  theoretically  possible  with  these 
materials.  The  maximum  attainable  is  indicated  by  the  value  of  the 
measured  anisotropy  field,  H^,  in  these  materials.  These  values  are 
about  350  kOe  for  SmCog  and  close  to  100  kOe  for  Sm2COij7»  ^  ^  ^  ^  The 
actual  values  obtained  in  these  materials  for  sintered  magnets  are  in 
the  range  of  15  to  35  kOe  for  SmCo^,  about  1  to  2  kOe  for  Sm2Co^-^>  and 
roughly  15  kOe  for  the  modified  Sm2{TM)i7  compositions.  These  low 
values  have  been  attributed  by  various  researchers  to  effects  arising 
from  oxidation,  microcracking  and  grain  growth. While  these  low 
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values  may  be  suited  for  some  general  applications,  they  are 
particularly  discouraging  for  applications  that  demand  constant  flux 
over  extended  periods  of  time. 

All  of  the  effects  discussed  above  are  known  to  play  a  strong 

role  in  determining  in  SroC05  magnets.  In  the  case  of  the  Sm2Coi7 
type  compositions,  however,  these  aspects  take  on  added  significance  (in 
the  fabrication  of  this  latter  material).  Experimental  efforts  to 
produce  reasonably  high  Sm2Co-j7  magnets  have  so  far  been  very 
disappointing. 

3.3  Rationale  for  Adopted  Approach 

The  single  most  important  parameter  for  successful  inertial 
applications  is  magnet  flux  stability  at  gyro  operating  temperatures. 
Experiments  at  CSOL  have  shown  that  sprayed  SmCo^  magnets  show  a 
remarkably  lower  rate  of  flux  decay  than  do  commercial  magnets. 

This  is  primarily  the  result  of  the  very  high  quality  of  material  that 
has  been  produced  with  this  process.  Sprayed  SmCo^  magnets,  however, 
are  close  to  isotropic  and,  therefore,  the  energy  product  of  these 
magnets  is  close  to  half  of  what  is  obtained  in  the  aligned, 
commercially  fabricated  material.  To  obtain  a  higher  amount  of  flux 
from  these  magnets,  one  needs  to  either  introduce  texture  in  the 
deposits  or  to  shift  the  material  cooposition  towards  higher  cobalt 
content  (by  spraying  Sm2Co^7  type  of  deposits). 

An  isotropic  Sm2Co^7  magnet  is  expected  to  show  an  energy  product 
of  about  10  to  12  MGOe  as  opposed  to  7  to  9  MGOe  measured  in  isotropic 
SmCOg  material  and  16  to  18  MGOe  found  for  aligned  commercial  SmCo5 
magnets.  An  aligned  Sm2Coi7  magnet  would  obviously  show  much  higher 
values. 
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To  date,  efforts  eit^jloying  sintering  of  aligned  Sm2Co^7  magnets 
have  been  unsuccessful  in  fabricating  magnets  with  acceptable  levels  of 
the  intrinsic  coercivity  The  maximum  value  of  measured  on 

binary  Sm2Co^'7  sintered  material  is  about  1  to  2  koe  as  opposed  to  a 
theoretical  maximum  possibility  of  about  100  kOe.  In  contrast,  CSDL's 
sprayed  SmCo^  magnets  have  exhibited  coercivities  of  68  kOe.^^^^  This 
research  deals  with  the  production  of  higher  values  of  intrinsic 
coercivity  using  the  plasma  spray  process  for  isotropic  Sm2Co^2  (deposits 
with  potential  energy  products  on  the  order  of  12  MGOe. 

3.4  The  Plasma  Spray  Process 

A  schematic  sketch  of  this  process  is  shown  in  Figure  13. 
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Figure  13.  Schematic  sketch  of  spray  process 
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The  process  involves  striking  a  high  intensity  dc  arc  between  two 
electrodes,  and  ionization  of  gases  -  nitrogen,  hydrogen,  argon,  and 
helium  -  as  a  consequence.  This  forms  the  plasma.  Upon  exit  through  a 
nozzle,  the  plasma  combines  to  form  neutral  atoms,  and  releases  a  large 
amount  of  thermal  energy  without  an  appreciable  loss  in  gas  temperature. 
The  material  to  be  deposited  is  Introduced  at  this  stage  in  the  form  of 
a  powder.  The  gases  impart  both  thermal  and  kinetic  energy  to  the 
powder  particles,  thereby  melting  them  and  propelling  them  rapidly 
towards  the  substrate  to  form  the  deposit. 

3.5  Previous  Work 


Experience  with  spray  fabrication  of  Sm-Co  materials  has  shown 
that  roughly  3  to  5  percent  samarium  is  lost,  relative  to  the  cobalt 
(depending  on  the  starting  composition),  through  evaporation,  during 
spraying.  Also,  an  additional  1  percent  is  sacrificed  to  oxygen,  both 
as  a  result  of  some  oxygen  present  in  the  starting  alloy  and  some  that 
is  picked  up  during  processing.  (The  assumption  that  all  of  the  oxygen 
in  the  deposit  exists  as  an  oxide  of  samarium  appears  reasonable  in  that 
Sm203  has  the  lowest  free  energy  of  formation  amongst  the  several 
possible  oxides  that  can  be  considered, )  Based  on  these  considerations, 
five  compositions  were  selected  in  the  range  of  26.0  to  34.0  weight 
percent  samarium  and  sprayed  on  water-cooled  copper  substrates  inside  an 
inert  gas  environment  plasma  spray  chamber.  The  deposits  were  kept 
reasonably  thin  (about  0.3  cm)  on  purpose,  since  a  greater  level  of 
crystallinity  is  known  to  develop  in  plasma-sprayed  deposits  with 
increasing  deposit  thickness  during  spraying. ^ )  The  as-sprayed 
microstructures  appeared  with  a  pancake-type  morphology  resulting  from 
flattening  of  the  molten  alloy  particles  upon  impact  at  the 
substrate.  ( '*2 )  The  as-sprayed  structures  also  contained  pores  (which 
appeared  as  dark,  almost  circular  regions)  an.i  a  few  unmelted  particles, 
in  addition  to  the  observed  platelets  which  give  rise  to  the  layered 
microstructure . 

X-ray  diffraction  patterns  were  obtained  on  a  few  of  the  deposits 
with  copper  radiation  and  a  diffracted  beam  graphite  monochromator. 
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Considerable  broadening  of  the  X-ray  peaks  was  observed  for  all  of  the 
deposits.  The  diffuse  patterns  obtained  on  these  materials  were 
believed  to  be  indicative  of  amorphous  structures  similar  to  what  are 
conventionally  obtained  by  rapid  quenching  techniques.  The  existence  of 
a  few  minor  crystalline  peaks  was  interpreted  to  indicate  the  existence 
of  a  small  amount  of  crystalline  material  dispersed  in  an  otherwise 
amorphous  material.  Along  these  lines  a  most  interesting,  and  possibly 
very  significant,  observation  was  made  for  one  of  the  deposited  samples. 
The  X-ray  pattern  obtained  from  the  surface  of  this  sample  consisted  of 
a  single,  sharp  crystalline  peak  superposed  on  an  otherwise  amorphous 
type  pattern.  A  single  peak  was  interpreted  as  illustrative  of  texture 
in  the  crystalline  component  of  the  deposit.  The  composition  of  the  de¬ 
posit,  as  measured  by  the  X-ray  fluorescence  technique,  was  indicated  to 
be  about  30.0  weight  percent  samarium  (which  is  in  the  two-phase  SmC05  “ 
Sm2Coi7  region  of  the  phase  diagram).  The  sole  crystalline  peak  ob¬ 
served  was  found  to  be  located  at  the  (00.6)  peak  position  for  Sm2CO'j7  ~ 
the  compound  of  interest.  This  observation  showed  that  if  proper  cooling 
conditions  were  maintained  at  the  substrate  it  might  be  possible  to 
produce  crystal lographically  aligned  SmjCoiy  materials  by  plasma  spraying, 
a  feature  that  has  so  far  eluded  efforts  on  the  SmCo5  sprayed  materials. 

A  series  of  low  temperature  treatments  were  performed  at  varying 
time  and  temperature  and  the  maximum  value  of  coercivity  measured  using 
these  procedures  was  7.9  kOe.  This  deposit  was  produced  from  Sm-Co 
powder  with  a  starting  composition  of  34  weight  percent  samarium.  The 
other  magnetic  properties  measured  for  this  sample  were  _  65oo,  Hq  - 
4050,  and  (BH)niax  “  MGOe.  The  substantial  improvements  observed  for 
the  magnetic  properties  with  the  low  temperature  treatments  were 
attributed  to  increased  homogenization  and  grain  growth  through 
crystallization-related  processes.  The  dependence  of  an  optimal  thermal 
treatment  procedure,  on  deposit  composition  was  found  to  be  at  best 
minimal  indicating  that  grain  size  played  a  strong  role  in  determining 
the  value  of  Hd  these  binary  compositions.  It  was  concluded  that, 
if  alignment  of  the  Sm2Coi7  phase  could  be  successfully  controlled, 
magnets  with  superior  energy  products  could  conceivably  result  through 
the  use  of  the  lower  temperature  thermal  treatments. 
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3.6 


Present  Work 


3.6.1  Deposit  Fabrication 

Several  additional  deposits  were  fabricated  using  starting  powder 
compositions  of  roughly  42.0,  34.6,  and  28.3  weight  percent  samarium. 

The  X-ray  diffraction  patterns  obtained  using  copper  radiation  with  a 
diffracted  beam  graphite  monochromator,  in  each  of  these  cases,  were 
observed  to  be  representative  of  more  crystalline  material  than  was 
produced  during  the  last  reporting  period.  The  peaks  were  still  very 
broad,  indicating  that  the  grain  size  must  still  be  extremely  small. 

The  diffraction  patterns  obtained  on  some  of  these  deposits  in  the  as- 
sprayed  condition  are  shown  in  Figure  14.  Additional  experiments  aimed 
at  providing  more  cooling  to  the  substrate  through  the  use  of  liquid- 
nitrogen-chilled  helium  gas  similarly  did  not  appreciably  alter  this 
situation.  The  diffraction  patterns  obtained  from  these  latter 
materials  are  shown  in  Figure  15.  (These  additional  experiments  were 
performed  in  an  effort  to  be  able  to  determine  the  correct  conditions 
that  would  permit  microstructure  duplication  of  deposits  that  were 
produced  earlier.  These  earlier  deposits  had  shown  evidence  of  what  was 
interpreted  as  alignment  of  the  Sm2Coi7  phase.  So  far  these  efforts 
have  not  met  with  much  success.) 

3.6.2  Effect  of  Low  Temperature  Treatments  in  Hydrogen 

Interesting  observations  were  made  when  deposits  produced  from 
42.0,  34.5,  and  28.3  weight  percent  samarium  powders  were  subjected  for 
16  hours  to  a  low  temperature  (550*C)  exposure  to  hydrogen  at  a  pressure 
close  to  atmospheric.  These  experiments  were  performed  to  study  the 
dependence  of  the  effect  of  this  hydrogen  treatment  on  deposit 

composition.  Earlier  experiments  with  close-to-stoichiometric  SinCo5 
deposits  had  indicated  that  this  results  in  the  removal  of  internal 

stresses  due  to  an  increased  atom  mobility  in  a  hydrogen  atmosphere. ^ 
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Figure  14.  X-ray  diffraction  patterns  on  deposits  formed  from 

(A)  42.0,  (B)  34.5,  and  (C)  28.3%  Sm  starting  powder 
compositions . 
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It  was  therefore  considered  desirable  to  study  if  this  effect  persisted 
over  a  wide  composition  range.  Use  of  such  an  atmosphere  might  be 
desirable  during  selected  heat  treatments  of  these  compositions,  per¬ 
formed  with  the  aim  of  Introducing  texture  into  the  material.  As  stated 
earlier,  these  deposits  showed  that  they  were  composed  of  material  which 
had  a  low  level  of  crystallinity  associated  with  it.  (The  diffraction 
peaks  were  still  very  broad,  indicating  an  extremely  small  effective 
grain  size.)  Upon  exposure  to  the  hydrogen  treatment  described  above, 
the  surfaces  of  several  samples  were  observed  to  yield  almost  identical, 
reasonably  well  defined  sharp  diffraction  patterns.  The  X-ray  diffrac¬ 
tion  patterns  obtained  on  these  samples  following  the  hydrogen  treatment 
are  shown  in  Figure  16.  (The  as-sprayed  structures  of  this  series  of 
specimens  are  indicated  by  the  X-ray  patterns  of  Figure  14  which  were 
also  made  earlier  on  these  very  same  specimens. )  The  original  peaks 
were  found  to  all  but  disappear  from  this  hydrogen  treatment. 

When  these  deposits  were  given  an  additional  16-hour  treatment 

under  argon  at  450®C  and  diffraction  patterns  were  obtained,  the  well- 

defined  (hydride)  patterns  were  once  again  generated.  All  of  the  data 

that  were  obtained  are  shown  in  Table  4.  This  was  somewhat  contrary  to 

expectations  in  that  earlier  observations  had  indicated  that  this  type  of 

treatment  was  capable  of  removing  the  effects  related  to  hydrogen  in  the 

material. ^ ^  All  of  the  patterns  obtained  after  the  argon  treatment  are 

shown  in  Figure  17.  To  resolve  this  discrepancy,  roughly  0.002  inch  of 

material  was  removed  from  the  surface  of  the  42  weight  percent  samarium 

starting  powder  deposit  (exposed  to  both  hydrogen  and  argon).  When  the 

freshly  exposed  surface  was  examined  again  using  X-ray  diffraction,  a  very 

low  level  of  crystallinity  was  found  to  be  retained.  The  hydride  pattern 

was  no  longer  observed  and  the  weak  lines  on  the  diffraction  pattern  also 

were  quite  different  than  those  observed  in  the  as-sprayed  condition. 

These  observations  were  confirmed  subsequently  by  obtaining  long-term  (16 

hours)  exposure  Debye-Scherrer  patterns.  It  was  found  that  an  eight-hour 

Debye-Scherrer  exposure  using  Cu  radiation  resulted  in  only  one  line 

Ka 

being  detected  at  an  interplanar  spacing,  d,  of  about  2.0  A. 
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Figure  16,  X-ray  patterns  obtained  on  samples  in  Figure  15  after 
2/81  CD22588  550®C,  16  hours  exposure  in  hydrogen. 


when  the  exposure  time  was  increased  to  16  hours,  two  additonal  very  weak 

lines  were  observed.  Use  of  Mo  radiation  and  an  exposure  time  of 

Ka 

16  hours,  however,  resulted  in  the  appearance  of  a  total  of  six  lines. 

The  'd'  spaclngs  measured  for  the  several  peaks  observed  in  this  sample 
in  the  various  conditons  of  heat  treatment  are  listed  in  Table  5. 

It  was  suspected  that  the  removal  of  the  low  level  of 
crystallinity  by  these  treatments,  initially  observed  in  the  bulk  of  the 
material,  resulted  from  chemical  interaction  (absorption  and  desorption) 
of  the  hydrogen  gas  with  the  microcrystallites  that  were  present. 

Because  of  the  inhomogeneities  that  are  known  to  be  present  in  as-sprayed 
microstructures,  compositions  other  than  those  for  SnCOg  and  Sm2Co-7  were 
retained  because  of  no  effect  of  the  hydrogen  atmosphere  on  their  crystal 
structures.  This  observed  removal  of  a  low  level  of  crystallinity, 
however,  appeared  to  be  in  contradiction  with  some  conclusions  reached 
earlier  from  specific  heat  and  magnetic  property  data.^^^^  The 
observations  were  nevertheless  considered  significant  in  that  the  nature 
of  the  interaction  with  hydrogen  of  the  several  "microcrystalline" 
deposits  was  found  to  be  essentially  similar  over  a  broad  range  of 
deposit  composition.  The  observation  that  the  hydride  phase  existed  in 
the  surface  regions  even  after  the  450®C  argon  treatment  (following  the 
exposure  to  hydrogen)  was  also  intriguing.  This  hydride  compound  was  not 
specifically  identified.  Since  the  hydride  phase  was  absent  in  the  bulk, 
and  the  as-sprayed,  low  level  of  crystallinity  was  removed,  these 
observations  suggested  that  the  (hydride)  phase  was  somehow  stabilized  in 
the  surface  regions  of  the  sample,  possibly  due  to  the  presence  of  an 
oxide  skin.  A  close  examination  of  the  X-ray  patterns  obtained,  however, 
did  not  show  peaks  strongly  characteristic  of  the  oxide  of  samarium. 
(Because  of  the  large  negative  free  energy  of  formation  of  samarium 
oxide,  compared  to  the  oxides  of  cobalt,  it  was  assumed  that  all  oxygen 
would  essentially  exist  as  Sm203)«  The  42.0  weight  percent  samarium 
pattern  of  Figure  16(A)  is  shown  again  as  Figure  18  with  the  peak 
positions  indicated  for  the  compound(s)  Sm203. 
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Table  5.  X-ray  data  on  42.0%  Sm  powder  deposit,  obtained  after  the  heat  treatments  indicated 


Hydrogen  e: 
Argon  expos 
As-sprayed 
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20 (deg) 

SOLID  VERTICAL  LINES  DENOTE  3  STRONGEST  PEAKS  FOR  SmjOg  (FILE  NO.  19-1114) 


DASHED  VERTICAL  LINES  DENOTE  3  STRONGEST  PEAKS  FOR  SnijOg  (FILE  NO.  11^12) 
TSA2129 

Fiqure  IH.  Sample  in  Figure  17(A)  showing  expected  "d"  spacings 
for  the  compound  Sm^O^. 


3.6.3  Experiments  on  Annealing  in  a  Magnetic  Field 

There  are  a  number  of  possible  avenues  one  could  pursue  to 
crystallize  the  sprayed  non-crystalline  material  in  such  a  way  as  to 
give  it  a  desired  crystallographic  texture.  The  desired  texture  of 
course  is  one  where  the  c-axis  of  all  individual  grains  (crystallites) 
is  parallel.  Both  SmCo,^  and  Sm2Co^7  have  )iexagonal  close-packed 
symmetry,  with  the  c-axi.s  in  both  cases  being  the  easy  magnetization 
direction.  With  the  anisotropic  structure  as  above  the  material  should 
have  the  highest  possible  residual  induction  when  magnetized  in  the 
c-axis  direction. 


The  present  effort  deals  with  the  crystallization  of  plasma 
sprayed  Sm-Co  alloy  deposits  in  an  applied  high  strength  magnetic 
field.  The  crystallization  temperature  of  amorphous  SmCo^  is 
approximately  500 "C.  Therefore,  if  an  amorphous  plasma  spray  deposit  is 
heated  from  room  temperature  to  an  elevated  temperature  past  the  500®C 
in  a  strong  dc  magnetic  field,  the  crystal  nuclei  formed,  might  have 
their  c-axis  parallel  to  the  applied  field.  As  these  nuclei  grow  by 
Incorporating  the  surrounding  amorphous  alloy  into  their  crystal 
lattices  a  preferred  orientation  in  the  mass  can  result  with  the  c-axis 
of  the  various  grains  oriented  parallel  to  each  other  (the  direction  of 
the  applied  magnetic  field)  and  random  orientation  of  the  basal  planes 
perpendicular  to  the  c-axis. 

A  six-inch  bore  Bitter  magnet  capable  of  producing  a  dc  magnetic 
field  of  about  80  kOe  was  made  available  by  the  National  Magnet 
Laboratory  of  MIT  for  this  study.  An  available  furnace  capable  of 
operating  inside  the  Bitter  magnet  was  modified  for  carrying  out 
magnetic  annealing  experiments.  A  schematic  drawing  of  the  longitudinal 
section  of  the  furnace  is  shown  in  Figure  19.  The  cylindrical  furnace 
fitted  snugly  in  the  bore  of  the  6-inch  magnet.  The  sample  was  located 
inside  a  stainless  steel  tube  at  the  peak  position  of  the  magnetic  field 
and  was  heated  by  4  SiC  rods.  Temperature  control  and  rate  of  rise  of 
temperature  were  controlled  manually  using  a  Variac  power  supply.  The 
temperature  of  the  sample  was  determined  by  a  thermocouple  located 
Inside  the  furnace  tube  adjacent  to  the  magnet  sample.  The  outer  shell 
of  the  furnace  was  water-cooled  to  prevent  undue  heating  of  the  Bitter 
magnet. 


Plasma  spray  deposits  of  powders  of  following  Sm-Co  alloy 
comositions  were  used  in  the  initial  studies  of  magnetic  annealing:  ( 1 ) 
42.0  wt  %  Sra,  (2)  34.5  wt  %  Sm,  (3)  28.3  wt  %  Sm.  The  stoichiometric 
intermetallic  compounds  SnCoj  and  Sm2COi|-^  contain  33.9  wt  %  and 
23.1  wt  %  Sm  respectively.  Because  of  evaporation  losses  during  plasma 
spraying  normally  the  compositions  Nos.  (1)  and  (3)  would  produce 
deposits  of  close  to  stoichiometric  SroCo^  and  Sm2Co^-^  respectively. 
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and  the  Intermediate  composition  (34.5  weight  percent  samarium)  powder 


should  produce  a  deposit  which  would  be  in  the  two-phase  (SnCog  + 
Sm2CO|-7)  region.  The  selection  of  the  above  compositions  therefore  gave 
a  comprehensive  range  for  the  study. 

Two  sets  of  samples  were  allowed  to  crystallize  while  subjected 
to  the  80  kOe  magnetic  field.  One  set  was  given  a  heat  treatment  in  a 
hydrogen  atmosphere  at  SOO^C  for  16  hours  prior  to  the  magnetic 
annealing,  and  the  other  set  was  magnetically  annealed  in  the  as-sprayed 
condition.  Each  set  was  given  a  number  of  different  thermal 
treatments.  Following  each  thermal  treatment,  including  the  magnetic 
annealing,  the  magnetic  properties  of  each  sample  were  measured.  The 
magnetic  data  corresponding  to  each  thermal  history  are  given  in  Tables 
6  and  7  for  the  two  sets  with  and  without  the  hydrogen  treatment. 

Two  important  facts  should  be  noted  here.  Although  the 
crystallization  temperature  of  these  amorphous  materials  is  around 
500®C,  it  was  determined  earlier  that  the  presence  of  a  hydrogen 
atmosphere  raises  the  crystallizaton  temperature  to  about  700®C  and 
enhances  the  mobility  of  the  atoms. Therefore,  there  was  no  danger 
of  prior  nucleation  of  the  amorphous  material  during  the  500*C  hydrogen 
treatment;  however,  there  was  a  chance  of  increasing  the  alignment  in 
the  subsequent  magnetic  annealing  because  of  increased  atom  mobility. 

The  other  fact  is  that  iu  all  cases  of  magnetic  annealing  the  sample  was 
heated  to  400®C  before  the  magnetic  field  was  applied,  since  little,  if 
any,  nucleation  was  expected  to  occur  up  to  that  temperature.  More 
important,  this  procedure  saved  about  500  <ilowatt-hours  of  electrical 
power. 


In  addition  to  the  two  sets  of  samples  that  were  magnetically 
annealed,  a  42.0  weight  percent  samarium  sample  was  given  similar  heat 
treatments  as  the  two  batches  but  without  the  magnetic  anneal.  The  data 
that  was  obtained  are  shown  in  Table  8.  The  4TrM  versus  H  curves 
obtained  on  the  42.0  weight  percent  samarium  samples  after  the  various 
treatments  are  shown  in  Figures  20  through  22. 
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Table  6.  Magnetic  properties  of  thermally-treated  magnetically  annealed 
Sm-Co  deposits  without  H->  treatment. 
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Figure  20.  47rM  versus  H  behavior  of  as-sprayed  deposit 
from  42.0%  Sm  powder. 
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Figure  21, 


H  (KOe) 


4ttM  versus  H  curves  after  (A):  725°  C,  1  h,  without 
applied  field;  (B) :  (A)  +  720°  C,  24  h  without 
applied  field;  (C)  and  (D) :  Approx.  1.5  h  duration 
rise  from  400°  C  to  720°  C  under  80  kOe  applied  mag¬ 
netic  field.  (C)  corresponds  to  sample  treated  with  H, 
prior  to  magnetic  anneal.  (D)  corresponds  to  sample  ‘ 
without  the  treatment. 
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47rM  (kg) 


Figure  22.  Demagnetization  behavior  after  exposure:  1140‘’C, 
2  hours  +  gOO’C,  20  hours  +  quick  cooling. 

(A)  No  magnetic  annealing. 

(B)  Magnetic  annealing  after  treatment. 

(C)  Magnetic  annealing  without  treatment. 
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It  is  premature  to  draw  firm  conclusions  about  the  magnetic 
alignment  on  the  basis  of  these  preliminary  experiments.  When  we  compare 
the  san^les  after  their  treatment  at  the  highest  tenperatures  of  about 
1140®C,  the  magnetically  aligned  samples  show  10  percent  higher  and  a 
consequent  increase  in  the  maximum  energy  product.  This  comparison  is 
only  true  for  deposits  formed  with  a  starting  powder  composition  of  42.0 
weight  percent  samarium  (which  resulted  in  a  post-spray  composition  close 
to  that  of  stoichiometric  SmCog).  No  comparisons  could  be  made  for  the 
other  two  con^ositions  containing  the  phase  Sm2Co^y,  since  data  were  not 
collected  on  samples  of  these  compositions  without  the  magnetic  anneal. 

The  magnetic  properties  of  these  other  con^ositions  were  quite  modest, 
even  after  the  magnetic  annealing;  therefore,  there  appeared  little  need 
of  examining  these  materials.  The  values  of  over  6000  G  in  the 
42.0  weight  percent  case  indicated  that  there  was  a  degree  of  alignment 
which  was  higher  than  random  orientation.  (The  theoretically  best  value 
of  Bj,  in  the  random  case  is  about  5500  G  for  a  fully  dense  material.)  It 
is  possible  that  one  hour  at  720»C  ten^perature  with  the  magnetic  field  may 
not  have  been  sufficient  to  fully  crystallize  the  material  in  the  desired 
orientation.  Higher  tenperature  in  the  absence  of  valuable  larger 
residence  time  in  the  high  magnetic  field  may  provide  substantially  more 
alignment  than  the  present  case. 

Whereas  the  higher  temperature  treatments  (without  field)  proved  to 
be  beneficial  for  the  42.0  weight  percent  samarium  sample  after  the 
magnetic  anneal,  the  other  two  compositions  showed  deterioration.  A 
surprising  observation  was  the  large  increase  in  coercivity  observed  for 
the  42.0  weight  percent  sample  with  the  720®c  magnetic  anneal.  No  such 
comparable  coercivity  increase  was  found  for  the  sample  where  no  magnetic 
field  was  applied.  It  is  possible,  however,  that  the  actual  temperature 
of  the  sample  in  the  two  cases  of  magnetic  annealing  was  higher  than  that 
suggested  the  thermocouple  reading.  If  indeed  the  observations  are 
valid,  they  suggest  the  positive  effect  of  applying  a  magnetic  field  in 
that  it  appears  to  facilitate  the  homogenization  process  (which  must 
account  for  the  increased  coercivity).  More  experiments  are  planned  to 
confirm  these  preliminary  observations. 
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